










































Planet	 N2	 CO2	 T	surf	globe	(K)	 Ice	Fraction	 Initial	Mixing	Ratio	of	H2O	at	Surface	
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Escape	
H	 -3.1E+8	 -2.9E+9	 -3.1E+8	 -7.1E+8	 -3.1E+8	 -1.5E+9	
H2	 -5.4E+9	 -2.8E+9	 -5.4E+9	 -5.0E+9	 -5.4E+9	 -4.2E+9	
Total	 -5.7E+9	 -5.7E+9	 -5.7E+9	 -5.7E+9	 -5.7E+9	 -5.7E+9	
Outgassing	
H2	 3.0E+9	 3.0E+9	 3.0E+9	 3.0E+9	 3.0E+9	 3.0E+9	
CO	 3.0E+9	 3.0E+9	 3.0E+9	 3.0E+9	 3.0E+9	 3.0E+9	
H2S	 9.0E+8	 9.0E+8	 9.0E+8	 9.0E+8	 9.0E+8	 9.0E+8	
NO(2)	 -1.2E+9	 -1.2E+9	 -1.2E+9	 -1.2E+9	 -1.2E+9	 -1.2E+9	
Total	 5.7E+9	 5.7E+9	 5.7E+9	 5.7E+9	 5.7E+9	 5.7E+9	
Dry	and	Wet	Deposition	
O2	 		 		 		 7.9E+11	 		 		
O3	 		 3.4E+9	 		 2.7E+8	 		 3.4E+8	
HO2	 		 2.9E+5	 		 1.5E+8	 		 1.4E+7	
H2O2	 		 5.8E+7	 		 1.1E+10	 		 4.7E+9	
CO	 -2.0E+6	 -1.1E+10	 -9.1E+9	 -8.1E+11	 		 		
CH2O	 -2.8E+6	 		 -7.8E+5	 		 -2.8E+6	 		
CHO2	 -2.4E+6	 		 		 		 -2.4E+6	 		
H2S	 -1.1E+8	 -9.0E+8	 -1.1E+8	 -3.7E+8	 -1.1E+8	 -8.5E+8	
H2SO4	 1.0E+7	 		 1.7E+7	 9.9E+6	 1.0E+7	 		
NO	 1.1E+8	 		 1.6E+8	 		 1.1E+8	 		
NO2	 1.7E+6	 4.0E+8	 2.7E+6	 1.9E+7	 1.7E+6	 1.8E+8	
NO3	 		 1.3E+9	 		 5.4E+6	 		 2.4E+7	
N2O5	 		 1.2E+9	 		 2.4E+5	 		 1.3E+7	
HNO	 5.1E+8	 		 4.5E+8	 		 5.1E+8	 		
HNO2	 2.6E+7	 1.3E+8	 5.8E+7	 1.8E+9	 2.6E+7	 1.6E+9	
HNO3	 3.6E+6	 1.1E+5	 9.7E+6	 1.4E+7	 3.6E+6	 5.0E+4	
HNO4	 		 2.2E+6	 		 1.7E+7	 		 3.0E+7	
Total	 5.4E+8	 -5.0E+9	 -8.5E+9	 -4.1E+9	 5.5E+8	 6.0E+9	
Return	H2	Flux	
H2	 -5.5E+8	 5.0E+09	 8.5E+9	 4.1E+9	 -5.5E+8	 -6.1E+9	
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(a) NO production rate by lightning
dashed: 0
dotted: 109 cm-2 s-1
(b) Stellar spectral shape
dashed: GJ 876
dotted: AD Leo
(c) O3 deposition velocity



















































































	As	photochemically	produced	O2	and	CO	become	main	constituents	in	the	atmosphere,	they	contribute	meaningfully	to	the	total	pressure.	O2	has	no	strong	infrared	absorption	bands,	and	CO	absorption	occurs	only	at	the	shoulders	of	the	planetary	thermal	emission	spectra.	Their	primary	contribution	to	radiation	is	through	pressure	broadening	of	CO2	absorption	lines	and	Rayleigh	scattering,	with	the	pressure	broadening	effect	being	the	dominant	of	the	two	(Goldblatt	et	al.	2009).	Several	additional	3D	climate	model	simulations	are	conducted	newly	for	this	work	to	test	the	effects	of	increased	broadening	gas	partial	pressures	on	the	climate	of	TRAPPIST-1	e,	summarized	in	Table	4.	3D	simulations	are	conducted	for	TRAPPIST-1	e	with	0.1	bar	and	0.2	bar	CO2,	and	with	broadening	gas	partial	pressures	of	1.5,	2,	and	4	bars	respectively.		Table	4:	New	climate	scenarios	modeled	for	this	study	and	their	key	climate	characteristics.	Planet	 N2	 CO2	 T	surf	globe	(K)	 Ice	Fraction	TRAPPIST-1	e	 1	bar	 0.1	bar	 274	 57%	TRAPPIST-1	e	 1.5	bar	 0.1	bar	 286	 12%	TRAPPIST-1	e	 2	bar	 0.1	bar	 291	 0.3%	TRAPPIST-1	e	 4	bar	 0.1	bar	 320	 0%	TRAPPIST-1	e	 1	bar	 0.2	bar	 285	 18%	TRAPPIST-1	e	 1.5	bar	 0.2	bar	 297	 0%	TRAPPIST-1	e	 2	bar	 0.2	bar	 308	 0%	TRAPPIST-1	e	 4	bar		 0.2	bar	 332		 0%	
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Vdep(CO) = 1E-8, Vdep(O2) = 0
Vdep(CO) = 1E-8, Vdep(O2) = 1E-8
Vdep(CO) = 1.2E-4, Vdep(O2) = 1.4E-4
Vdep(CO) = 1E-8, Vdep(O2) = BIF
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CO2;	instead,	the	very	recombination	process	in	hydrothermal	flows	that	consumes	O2	will	produces	CO2.	The	O2-CO	runaway	state	would	therefore	be	sustainable	via	cycling	through	the	deep	ocean.	Lastly,	when	the	surface-ocean	recombination	of	CO	and	O2	is	assumed,	the	O2-CO	runaway	does	not	occur	(Fig.	2),	but	a	large	“outgassing	rate”	is	still	required	for	pCO2>0.1	bar.	This	outgassing	rate	can	be	sustained	by	the	product	of	the	recombination	itself.	In	all,	the	O2-CO	runaway	appears	to	be	sustainable	from	a	geochemical	point	of	view,	and	the	sustainability	may	involve	replenishment	of	CO2	from	the	planetary	interior,	or	cycling	of	CO,	O2,	and	CO2	through	the	deep	ocean.		As	such,	the	O2-	and	CO-rich	atmosphere	modeled	here	does	not	require	any	planetary	outgassing	outside	of	typical	geological	regimes;	nor	does	it	require	a	highly	oxidized	or	dried	upper	mantle,	presumably	produced	by	loss	of	hydrogen	into	space	over	a	long	active	period	of	the	M	dwarfs	(Lugar	&	Barnes	2015;	Tian	&	Ida	2015;	Bolmont	et	al.	2017).	The	atmosphere	modeled	here	has	O2	and	CO	co-existing	at	large	abundances,	different	from	the	predicted	massive	O2	atmospheres	from	accumulative	hydrogen	loss	that	would	have	little	CO	(Bolmont	et	al.	2017;	Lincowski	et	al.	2018).		
5.	Conclusion		We	use	an	atmospheric	photochemistry	model	to	study	the	effect	of	stellar	UV	radiation	on	varied	abundance	of	CO2	on	the	rocky	planets	in	the	habitable	zone	of	the	late	M	dwarf	TRAPPIST-1.	Our	models	show	that	for	a	small	abundance	of	CO2,	an	atmosphere	with	O2	and	CO	as	main	components	would	be	the	steady	state.	This	“O2-CO	runaway”	is	robust	against	the	nitrogen	catalytical	cycles	from	lightning,	reasonable	uncertainties	in	the	stellar	spectrum,	as	well	as	various	geochemical	sinks	for	O2	and	CO,	including	the	Banded	Iron	Formation.	For	the	planets	TRAPPIST-1	e,	f,	and	g,	since	they	require	sizable	abundance	of	CO2	to	be	habitable,	the	models	presented	here	imply	that	virtually	all	habitable	scenarios	of	the	TRAPPSIT-1	planets	entail	an	O2-rich	atmosphere.	The	O2-CO	runaway	can	only	be	prevented	by	assuming	a	direct	recombination	of	O2	and	CO	in	the	surface	ocean,	which	would	probably	require	biochemistry.		The	O2-CO	runaway	mechanism	described	here	also	applies	to	temperate	and	rocky	planets	of	other	low-temperature	M	dwarf	stars,	a	few	tens	of	which	are	expected	to	be	discovered	by	the	TESS	mission	(Sullivan	et	al.	2015).	This	is	because	the	cause	of	the	runaway,	the	strong	FUV	and	week	NUV	irradiation,	applies	to	many	moderately	active	M	dwarf	stars	(Loyd	et	al.	2016).	The	calculations	presented	here	not	only	show	that	the	spectral	features	of	O2	and	O3	cannot	be	regarded	as	robust	signs	of	biogenic	photosynthesis	(Tian	et	al.	2014;	Domagal-Goldman	et	al.	2014;	Harman	et	al.	2015),	but	also	show	that	O2	and	CO	are	likely	dominant	gases	on	habitable	planets	of	M	dwarf	stars.	These	gases	have	spectral	features	suitable	for	detection	with	high-resolution	spectroscopy	(Snellen	et	al.	2010;	Lovis	et	al.	2017).	The	absorption	features	of	O2,	O3,	CO,	and	CO2,	as	well	as	the	collision-induced	absorption	features	of	O2	(Lincowski	et	al.	2018;	Misra	et	al.	2014),	should	therefore	
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be	the	first	choices	for	observation	programs	to	characterize	the	atmospheres	of	temperate	and	rocky	planets	of	M	dwarf	stars	
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